Breast cancer is known to progress through multiple, genomic changes (1-11). These accumulating changes result in the nuclear alterations on which the pathologic diagnosis and microscopic prognosis of cancer are based. The natural history of ductal breast cancer is, even today, only incompletely known. The suggestion that a clonal selection (12) occurs in the progression from atypical hyperplasia toward ductal carcinoma in situ (DCIS) and invasive cancers seems to be supported by recent cytogenetic and molecular studies (1, 13, 14) and also by the characteristic morphological heterogeneity (15) of various ductal proliferative premalignant lesions. We studied alterations of the nuclear chromatin pattern concomitant with the development of different histologically defined diagnostic categories in ductal proliferative lesion progression. Recent work led to the development of methods allowing a more extensive use of information extracted from diagnostic imagery. One such method is the characterization of individual nuclei, of sets of nuclei, and of entire lesions by a "signature." These signatures are based on a substantial number of karyometric features, for each of which a measure of deviation from "normal" is computed. The deviation values are arranged in the form of a profile (16).
Breast cancer is known to progress through multiple, genomic changes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . These accumulating changes result in the nuclear alterations on which the pathologic diagnosis and microscopic prognosis of cancer are based. The natural history of ductal breast cancer is, even today, only incompletely known. The suggestion that a clonal selection (12) occurs in the progression from atypical hyperplasia toward ductal carcinoma in situ (DCIS) and invasive cancers seems to be supported by recent cytogenetic and molecular studies (1, 13, 14) and also by the characteristic morphological heterogeneity (15) of various ductal proliferative premalignant lesions. We studied alterations of the nuclear chromatin pattern concomitant with the development of different histologically defined diagnostic categories in ductal proliferative lesion progression.
Recent work led to the development of methods allowing a more extensive use of information extracted from diagnostic imagery. One such method is the characterization of individual nuclei, of sets of nuclei, and of entire lesions by a "signature." These signatures are based on a substantial number of karyometric features, for each of which a measure of deviation from "normal" is computed. The deviation values are arranged in the form of a profile (16) .
In earlier studies, these procedures were applied to images of nuclei from ductal proliferating breast lesions and DCIS (17, 18) . It was shown that nuclei from a number of the conventional diagnostic categories of proliferating breast lesions representing breast cancer progression are characterized by a monotonically increasing nuclear abnormality. The histologically defined subjective diagnostic categories, ordered by relative risk for development of infiltrative disease, thus find correspondence and confirmation in an objective, numerically defined measure of progression based on an increasingly abnormal nuclear chromatin pattern.
An unexpected finding was that the lesion signatures, formed from the distribution of nuclear abnormality values, varied widely within a given diagnostic category. Lesion signatures reveal the diversity existent within any given diagnostic category, in a quantifiable manner, as a measure of the extent of nuclear abnormality for each case. This finding may well have prognostic significance because it provides a reproducible, objective measure to assess the relative risk for each individual case.
In this study, a search for "structure" in the recorded data sets is conducted in an effort to document the existence of different pathways for the development of high-grade and low-grade lesions.
MATERIALS AND METHODS
The clinicopathological materials for this study were collected at the Institutes of Pathology at the University of Verona and of Udine, Italy, and at the Department of Pathology, University of Arizona. Only cases for which complete diagnostic agreement between three expert histopathologists was established were included, following the diagnostic criteria recently suggested by the European Pathologist Working Group (18) and the Van Nuys group (19) . To represent the main steps in ductal breast cancer progression, eight cases of normal breast glandular tissue (postmenopausal women without hyperplastic lesions or breast cancer) were selected (499 nuclei); there were 11 cases of simple hyperplasia (800 nuclei); 10 cases of florid hyperplasia (1003 nuclei); 12 cases of atypical hyperplasia (896 nuclei); 9 cases of cribriform DCIS, Group 1, low nuclear grade (DIN1; 1080 nuclei); 17 cases of solid, Group 2, intermediate nuclear grade (DIN2) and 4 cases of high grade for a total of 2021 nuclei; and 8 cases of comedo DCIS, high nuclear grade (DIN3; 625 nuclei). There were 5 cases of microinfiltrating cancer (200 nuclei) and 26 cases of ductal, invasive cancer (2300 nuclei). Lesions were selected on the basis of the histologic pattern.
In selecting cases for the diagnostic categories, cases were chosen in which no lesion of higher progression was present. For example, in the selection of DCIS cases, those with microinvasive foci were not included. For the category of ductal comedo microinvasive cancer, cases for which the foci of microinvasion were Ͼ 1 mm in diameter were excluded.
Sections were cut to 5-m thickness and stained with a routine hematoxylin and eosin (H&E) procedure under carefully controlled conditions. Digital imagery was recorded first on a videophotometer equipped with a 20:1, N.A. 0.75 apochromatic flat field objective by NIKON (Melville, NY) and by a three-chip color CCD camera from Sony (Park Ridge, NJ). From this imagery, several videoframes of each lesion were seamlessly merged to cover a diagnostically representative area (19) . The merged images were then laser printed and subregions outlined in which individual nuclei were randomly selected for measurement. These fields and nuclei were relocated on a high-resolution videophotometer for measurement. This instrument is equipped with a 63:1, 1.40 N.A. oil immersion planapochromatic objective by Zeiss (Oberkochen, Germany) and a COHU (San Diego, CA) black and white video camera. The relay optics adjusted image sampling to six pixels per linear micron. An interference filter with a maximum band-pass of 610 nm was used to enhance contrast of the H&E sections. The nuclear images were edited using an interactive procedure and filed for feature extraction.
For each nucleus, a set of 93 karyometric features was computed. To form the nuclear signature, data from a reference set of normal nuclei were used. For each feature, the mean and standard deviation was computed. Then, for any nucleus, the deviation from that mean value was computed as an absolute value and divided by the standard deviation from the reference set value for that feature. The deviation from normal thus is expressed as a standardized distance, or z value. The nuclear signature is formed by arranging the z values for the 93 features in an arbitrary but consistent order.
The nuclear signatures offer very detailed information. It is useful to employ a number of summarizing procedures. One may form an average over the 93 z values. The result is a single number that is also referred to as averaged standardized distance but more simply as nuclear abnormality.
The distribution of such nuclear abnormality values for all nuclei measured in a given lesion is called a "lesion signature." One may also form an average nuclear signature for a set of nuclei, either from a given case or averaged over all cases from a given diagnostic category. In the same way, one may average the lesion signature over all cases from a given diagnostic category.
RESULTS
To demonstrate the relationship between the nuclear chromatin pattern and the nuclear abnormality, Figure 1 shows a representative image of a nucleus from normal breast epithelium, from cribriform DCIS, from solid DCIS, and from comedo DCIS, with the nuclear abnormality value for the nuclei shown, and their nuclear signatures.
Plotting the nuclear abnormality values averaged within each of the diagnostic categories (i.e., over all nuclei and all cases in the category) as a function of diagnostic category, a monotonically rising trend is seen in Figure 2 , from normal glandular epithelium, simple hyperplasia, cribriform DCIS, and solid-pattern DCIS, to infiltrating cancer. Within these diagnostic categories, there is some variance in the case-averaged nuclear abnormality. Generally, though, the nuclear abnormality values fall into the range from 0.5 standard deviations from normal to 1.5 standard deviations.
For cases of florid hyperplasia, atypical hyperplasia, and comedo DCIS, a much greater nuclear abnormality is observed, along with greater case-tocase variance (Fig. 3) , compared with the range of abnormality values found in cribriform DCIS, solid DCIS, and infiltrating carcinoma. There are some cases of solid DCIS diagnosed as high-grade solid DCIS that exceed that range.
In Figures 2 and 3 , the diagnostic categories were arbitrarily arranged along the abscissa at an equal spacing, in the rank order of relative risk for the development of infiltrating disease. Such spacing may distort the true structure of the data sets. A plot based on two numerically defined measures is preferable. For the abscissa, the nuclear area was chosen for two reasons. The difference in nuclear area between nuclei from normal epithelium and nuclei, such as from comedo DCIS, is substantial. The feature provides a good spread. Figure 4 shows a direct comparison of two representative nuclei. Also, all sections for this study had been cut to 5 m. Total optical density would have been a preferred choice, as it relates to ploidy-but it might be compromised in a nonlinear fashion by the sectioning of large-size nuclei.
The nuclear area undergoes a steady increase from normal epithelium to comedo DCIS. This is shown in Table 1 . Figure 5 shows a plot of the diagnostic categoryaveraged nuclear abnormality values versus the nu- There seems to exist a bimodal distribution of the comedo DCIS nuclear abnormality: almost half of all cases have an average nuclear abnormality of more than three standard deviations; the other half exhibits values only slightly above the values seen in noncomedo DCIS and in infiltrating cancer. This is shown in Figure 3 .
The distinction between lesions of low grade and those of high deviations from normal is expressed already at the level of hyperplastic lesions.
The nuclear signatures for nuclei from normal breast epithelium, simple hyperplasia, and atypical hyperplasia are shown in Figure 6 . Also shown for comparison is the nuclear signature for comedo DCIS. The standard deviations for all karyometric features in normal epithelium are less than one standard deviation for all features. In simple hyperplasia, there are modest increases in the deviations from normal for a few features. The total optical density is slightly increased, and for example, the pixel optical density histogram is changing.
In atypical hyperplasia, drastic changes are seen. The nuclear area increases, and the pixel O.D. features, the co-occurrence features, and the run length features all begin to show high deviations.
The nuclear signatures of comedo DCIS expressed the very same changes, in a more pronounced fashion. The changes seen in atypical hyperplasia thus are similar to those seen in comedo DCIS. Figure 7A shows the lesion signatures, averaged over all cases of hyperplasia, falling into the range of nuclear abnormality demarcating a lower grade pathway in Figure 2 . Figure 7B shows the lesion signatures averaged over all cases from simple hyperplasia, florid hyperplasia, and atypical hyperplasia, with a nuclear abnormality in excess of 1.2 standard deviations for the case average. The distribution of nuclear abnormality values for the comedo DCIS is seen in Figure 7C , for comparison.
There is an indication of a bimodality in the distributions for the high-grade hyperplasias as well as for the comedo DCIS cases.
The high degree of nuclear abnormality in the higher grade hyperplastic lesions is not associated with increased aneuploidy. Table 2 shows the mean values for the total optical densities. The total optical density values seen in atypical hyperplasia fall into the same range as those from simple hyperplasia. The values found in comedo DCIS lesions are about twice as large as those in a normal diploid cell population. In comedo DCIS, the total optical density distribution shows a broadly spread pattern filling the range between the total optical densities the corresponds with 2 N to 5 N ploidy values and extending up into the 7 N and higher range. Thus, there is a definite indication of aneuploidy.
The substantial differences in nuclear size suggested that for the chosen section thickness of five m, the total optical density values might, for the diagnostic categories with very large nuclei, underestimate "ploidy." This is unquestionably true. However, if the total optical density distribution is found to extend well into the high optical density range, as was the case here, one may safely deduce that an aneuploid cell population is present.
The nuclei measured in foci of microinvasion are distinctly different from nuclei in comedo DCIS. The average nuclear abnormality is lower in all five measured cases and falls into the range of the trend for low-grade DCIS lesions, as seen in Table 1 . Figure 8 shows the respective nuclear signatures.
To document these differences, an analysis of variance (ANOVA) was carried out for a randomly selected subset of five cases each of comedo DCIS and five cases of microinfiltrating comedo DCIS, with 40 nuclei per case, to maintain a balanced design. Table 3 shows the ANOVA results. A twolevel nested design was chosen, with diagnostic category as the first, fixed level and with cases as the second, random level. The difference in nuclear abnormality between diagnostic categories is highly significant and allows for 92.7% of the total mean square, with 7.1% and 0.2% accounting for case to case and nucleus to nucleus variability.
DISCUSSION
The characterization of nuclei by a detailed evaluation of the chromatin pattern has allowed definition of a numeric measure of progression, for nuclei and for lesions, in terms of deviation from normal. A preceding study (17) has shown that the histologically established ordering of proliferating breast lesions and DCIS can be confirmed by a monotonically rising numeric measure of deviation from normal for nuclei from different diagnostic categories. In this current study, the analysis leads in a different direction, providing possible clues to the precursor relationship between these lesions and to the changes that characterize the start of microinvasion.
Although the deviations in the nuclear chromatin pattern are monotonically increasing and continuous, they seem to follow two different trends of progression. From these results, it appears that categories of cribriform/solid DCIS and comedo DCIS represent different subtypes of breast in situ cancers, expressing different evolutionary changes. They may correspond to the dual trend for breast cancer progression suggested by Ellis et al. (20) .
The recent publications of many different subclassifications of DCIS (15, (21) (22) (23) (24) (25) (26) reflect an effort to have a reproducible system of grading. These subclassifications of DCIS are overall based on nuclear criteria that are subjectively evaluated within the limits of visual subjective assessment.
Karyometric data, such as the nuclear signatures, provide objective measures reflecting the continuity of change in both trends of progression. They allow an objective determination of the degree of progression for each individual case. The objective evaluation offers an option to define a system of continuous grading suitable for individual patienttargeted prognosis. The data structure revealed by the quantitative evaluation of karyometric features from nuclei in proliferative breast lesions suggests the existence of at least two distinctly different pathways of progression, representing lower and high-grade lesions. There is some evidence that the nuclei from microinvasive foci represent a different clone from the nuclei forming the majority of nuclei in comedo DCIS lesions, a clone capable of starting stromal invasion. These nuclei-either newly arising from highly heterogeneous, polyclonal aneuploid, and atypical cells of in situ cancers, or finally gaining a growth advantage and becoming noticeable-show phenotypical homogeneity. It seems likely that the more atypical cells of the highly heterogeneous cell population, with their numerous chromosomal and genomic abnormalities, might not be able to give rise to a new and more aggressive cell population.
Previous experience (18, 27, 28) with cervical and breast cancer has shown that in tissue sections, the homogeneous populations of microinfiltrative foci usually have cells with near-diploid DNA contents and without prominent evidence of somatic abnormalities. This is also strongly reminiscent of the changes in the nuclear chromatin pattern seen in nuclei from proliferating lesions in prostatic intraepithelial neoplasia (PIN). The chromatin pattern in nuclei from high-grade PIN undergoes a drastic change in nuclei measured in the region of microinvasion (16) . Also, in these cases, it was possible to show that the nuclei in the region of microinvasion were of lower ploidy than the highly abnormal nuclei of the highgrade PIN lesions.
One must expect that the nuclei measured in the preinfiltrating lesions do not constitute homogeneous cell populations. Rather, there might be nuclei representing two or more different phenotypes, as has been found in endometrial and in prostatic lesions. The proportional composition of the phenotypes in a given case would greatly affect the case-averaged nuclear abnormality. This, in turn has the effect of increasing the variance of that measure and consequently might mask the existence of even more pathways than the low-grade and high-grade lesions demonstrated above. The slight bimodality in the distribution of nuclear abnormality values in high-grade hyperplasia and in comedo DCIS may point to such additional pathways.
The interpretation of data given above is compatible with a model of lesion progression in which a succession of clones evolve, some of which gain a growth advantage and persist, whereas others may not continue.
The trend or "progression" shown in Figures 2  and 3 may suggest biologic behavior but should not conclusively be interpreted in this manner. The data merely demonstrate the monotonic and continuous rise in nuclear abnormality. This is to be seen as independent of the histologic pattern, on which histopathologic diagnosis is based and correlated with risk for infiltrating disease. It is, in this model, quite possible for any premalignant lesion to progress directly to infiltrating disease, and it is quite possible for any lesion not to progress at all. 
